Photoelectron partial-yield and constant-initial-state (CIS) spectra of the layered-semiconductor GeS, GeSe, SnSO 9Seo &, and SnSe single crystals were investigated with use of synchrotron radiation.
I. INTRODUCTION The orthorhombic IV-VI compounds (GeS, GeSe, SnS, and SnSe) have interesting electronic and optical properties and have been the subject of numerous investigations. The object of most of the work was to obtain information about the dielectric function and the band structure of these materials. A wide variety of techniques have been used including photoemission, ' energy-loss spectroscopy, reflectivity measurements, and band-structure calculations. ' In this paper, we concentrate on the corelevel excitations and conduction-band structures.
The layerlike orthorhombic chalcogenides all crystallize in the GeS structure which belongs to the orthorhombic space group D2h (Pnma) and is closely related to the black phosphorus structure. The primitive cell contains eight atoms and covers two adjacent double layers as shown in Fig. 1(a) . The atoms in a single layer are joined to three nearest neighbors by covalent bonds which form zigzag chains along the b axis. All these crystals cleave exceptionally easily in the a-b plane since van der Waals bonding predominates along the e axis. The anisotropic crystal structure implies that significant differences are to be expected among the optical spectra with an electric vector parallel to the a, b, and c directions.
Optical spectra due to the valence-electron excitation are related to the joint density of states (DOS) of the valence and conduction bands. On the other hand, because the initial core states have well-defined symmetry and negligibly small dispersion, core-electron excitation spectra provide not only information about the energies of flat regions of the conduction bands but also their symmetry and details of the electron -core-hole interaction. Previously, the Sn 4d core reflectance spectrum of SnS (Ref. 5) was measured in the a bcrystal plane. The -doublet structure observed near the 4d core threshold was interpreted taking the electron -core-hole interaction into account. However, the energy separation (0.85 eV) did not agree with the Sn 4d spin-orbit splitting (1. 08 eV)
determined from photoemission measurements and this discrepancy beyond the experimental accuracy was not resolved.
We report here a systematic study of core excitons and conduction-band structures of GeS, GeSe, SnSO9Seo "
and SnSe single crystals using linearly polarized synchrotron radiation. The partial-yield spectra due to cation d core excitations show intense and sharp coreexciton peaks near the core absorption thresholds with weak anisotropy in the a-b crystal plane. The constant- Fig. 1(b) and energy-band structure in Fig. 2 ].
The valence bands can be divided into three regions (see photoemission spectra in Fig. 3 Figure 4 shows the partial-yield spectra of GeS and GeSe for E~~a and E~~b in the Ge 3d core excitation region. The partial-yield spectra are known to be representative of the absorption spectrum in the core excitation region. ' In the figure, E Figure 6 shows the partial-yield spectra of GeS and GeSe in the S 2p and Se 3d core excitation region. By comparing these spectra with the cation excitation spectra in Fig. 4 Fig. 6 .
Using the same line of argument as for the S 2p core spectra of GeS, one can estimate the energies of prominent peaks expected in the c. 2 spectra of GeSe. The simple consideration for the 0.8-eV binding energy of the first p valence-band peak (Fig. 3) and the band-gap energy of 1.08 eV, ' as well as the energies of the structures a, b, and c (0.6, 1.8, and 4.7 eV in Table II ) above the core absorption threshold (54.50 eV) implies peaks at 2.5, 3.7, and 6.5 eV in the Ez spectra. The experimental c. z spectra indeed show prominent peaks at 2.45, 3.45, and 6.1 eV, which have been assigned to the U6-U"U6-U2, and U&-U6 transitions, in agreement with the evaluation above.
The prominent peaks a and b in Fig. 6 The spectrum for E~~b is similar to that for E~~a, except for a slight sharpening of the structure A'. The sharpening can be attributed to decreasing contribution of 8' structure in the spectrum for E~~b, from comparison of spectral shape among the partial-yield spectra in Fig. 7 , the second energy derivatives, and the CIS spectra (which will be shown in Fig. 9 ). We have already found a similar Ge 3d core-yield spectra of GeS and GeSe. Therefore, we assign the spin-orbit doublets A-A' and B-B' to the Sn 4d core excitons.
The near-normal-incidence reflectance spectrum of SnS has been measured in the Sn 4d core excitation region with a spectral resolution of 0.2 eV. This spectrum shows two peaks at 25.65 and 26.50 eV which were interpreted as spin-orbit doublets of the Sn 4d core excitons. The reversal of the intensity ratio from the 6:4 statistical weight of the Sn 4d core levels was attributed to an electron -core-hole exchange interaction.
The large discrepancy of the splitting energies between the reflectance spectrum (0.85 eV) and the core-level photoemission spectrum (1.08 eV) was not explained. In the light of the present results, one notices that the previous assignments in the reflectance spectrum should be corrected. Two peaks in the reflectance spectrum are likely to correspond to the structures B and A'.
2. Anion core excitation spectra Figure 8 shows the partial-yield spectra of SnSO 9Seo
and SnSe in the S 2p and Se 3d core excitation region.
The spectra reflect the DOS of conduction bands without Fig. 3 ) imply peaks at 2.3 and 3.8 eV in the c2 spectra, in agreement with the experimental spectra with a prominent peak at 2.4 eV and a broad peak around 3.5 -4 eV.
The spectrum of SnSo 9Seo, for E~~a shows two broad peaks at 162.5 and 163.8 eV. The energy separation of 1.3 eV is almost equal to the S 2p core-level splitting of 1.2 eV. ' The spectrum for E~~b is very similar to that for E~~a. By taking 161.8 eV as the S 2p core threshold energy, ' the first peak of the DOS of the conduction bands is evaluated at 0.7 eV above the conduction-band minimum.
The optical-absorption measurements have revealed an indirect fundamental gap of 1.1 eV for SnS. In addition, the c2 energy-loss spectrum of SnS has a prominent peak at 2.8 eV. In this case, the initia1 state is predominantly the first p valence band with 0.8-eV binding energy relative to the top of the valence bands (Fig. 3) so the maximum of the conduction-band DOS is 0.9 eV above the lowest minimum, close to the value of 0.7 eV we estimate in the present experiment.
Here, we compare the cation core-yield spectra in Figs Photon Energy (eV) well represented by the parameters in Table V (E, ) with respect to the valence-band maximum.
We now turn to the CIS spectra measured in the energy region of the cation d core excitation and discuss them in relation with the decay process of the core excitons. Figure 9 shows the photoemission cross sections of the topmost valence-band peaks of GeS, GeSe, SnSQ 9SeQ and SnSe single crystals measured as a function of photon energy (CIS spectra). The cross sections exhibit pronounced resonances at the maxima of the corresponding core absorption spectra. The energies of the peaks in the CIS spectra slightly shift with respect to those of the core absorption spectra in Figs. 4 and 7 .
The solid curve in Fig. 10 
IV. SUMMARY AND CONCLUSIONS
The conduction-band structures of IV-VI semiconductors with layered orthorhombic structure have been systematically investigated by using synchrotron radiation. The cation d core spectra show intense and sharp doublet structures near the core thresholds, with a weak anisotropy in the a-b crystal plane. These doublets exhibit reversed relative intensity from the initial-state degeneracy and are assigned as d core excitons related to quasi-twodimensional conduction bands with very high DOS. The amount of energy shifts due to excitonic effect is evaluated to be 0.5 -1.0 eV. The CIS spectra show strong resonance in the cation d core excitation region. The spectra taken for the initial energy below 2 eV with respect to the valence-band maximum are interpreted as an interference between the direct recombination process of the d core excitons and the direct excitation process of the p valence electrons. The narrow width and strong amplitude of the CIS spectra elucidate a long lifetime and a relatively localized character of the core excitons.
The anion p and d core spectra show much broader structures than those in the cation d core spectra. These spectra are assumed to reflect the DOS of the conduction bands. The energies of DOS peaks of the valence and conduction bands derived from the valence-band photoemission and the anion core-yield spectra are related to the energies of the main peaks in the c. 2 spectra. 
